Thermally-responsive graft copolymer of poly(N-isopropylacrylamide-co-N-(hydroxylmethyl)acrylamide)-g-poly(lactide) was synthesized by ring-opening polymerization of D,L-lactide (LA). The polymerization was initiated by the hydroxy group of poly(N-isopropyl acrylamide-co-N-(hydroxylmethyl) acrylamide), using stannous octoate as catalyst. The resulting polymer was temperature-sensitive and the lower critical solution temperature (LCST) was affected by their composition. The chemical structure and physical properties of the grafted copolymers were investigated by various methods. Nanocontainers formed from the self-assembly of poly(N-isopropylacrylamide-co-N-(hydroxylmethyl) acrylamide)-g-poly(lactide) were characterized by transmission electron microscopy (TEM), and a spherical structure was observed. Dynamic light scattering (DLS) results indicate that the particle size increased with the increase of polylactide content in the copolymer. The properties of this polymer are interesting for both industrial application and fundamental research. In particular it will combine a spatial specificity in a passive manner and a temperature-responsive active targeting mechanism for drug delivery system.
INTRODUCTION
Recently, much attention has been paid to polymeric micelles as nanocontainers for drug targeting systems. [1] [2] [3] It is well known that amphiphilic block copolymers having both hydrophilic and hydrophobic segments could form micellar structures in aqueous media. The resulting micelle is stable in water because of the protection from the hydrophilic shell. On the other hand, it can reduce nonselective reticuloendothelial system (RES) scavenging and enhance permeability and retention (EPR) effects at tumor tissue sites, which is always called passive targeting. 4 5 Active targeting can increase the selectivity by controlling interactions with target sites using biological affinity (e.g., antibodies), pH, or by physical response (magnetism, heat) of drug carriers. [6] [7] [8] Consequently, polymeric micelles containing environmental responsive shell elements such as poly(N-isopropylacrylamide) (PNIPAM), poly(methacrylic acid) and PEO-PPO-PEO have been the * Author to whom correspondence should be addressed. focuses. [9] [10] [11] Among these polymers, PNIPAM has been extensively studied by many groups due to its suitable LCST range. [12] [13] [14] [15] The synthesis of the amphiphilic PNIPAM-based diblock polymers generally involved the synthesis of terminally functionalized PNIPAM by the chain-transfer free radical polymerization method. However, the method needs to use a chain transfer agent, such as 2-hydroxylethanethiol, 2-amiminoethanethiol and 3-mercaptopropionic acid, which is extremely smelly and highly toxic. Moreover, most of their hydrophobic moieties reported in the literature such as polystyrene, poly(butyl methacrylate) and alkyl are not degradable. [16] [17] [18] Poly(N-isopropylacrylamide) demonstrates a lower critical solution temperature (LCST) at about 32 C. 19 20 The LCST of NIPAM containing block copolymers is essentially the same as that of PNIPAM. In contrast, random copolymerization of NIPAM with hydrophilic comonomers yields copolymers with an increased LCST, whereas random copolymerization of NIPAM with hydrophobic comonomers yields copolymers with a decreased LCST.
As for thermo-sensitive drug carriers, it is demanded that they have a LCST higher than the normal body temperature but lower than that are routinely used in clinical hyperthermia. 23 N-hydroxylmethyl-acrylamide (NHMAm) is a hydrophilic commoner and it can be used to adjust LCST by introducing hydroxyl. 24 Due to the similar backone of NIPAM and NHMAm, the backbone of P(NIPAM-coNHMAm) copolymer is the same as that of PNIPAM homopolymer.
Poly(lactide) (PLA) has been well known as a biodegradable polymer for drug delivery systems. It extensively serves as the hydrophobic segment for micelle-forming amphiphilic copolymer. [25] [26] [27] [28] In particular, PLA microcapsules containing leuprolide acetate have achieved a new therapeutic efficiency. 29 The aim of this study was to synthesize a novel type of polymer, with a LCST adjusted by the composition. Therefore, P(NIPAM-co-NHMAm)-grafted-poly(lactide) was synthesized by two steps reaction as outlined in Scheme 1. By using NHMAm as a comonomer, the LCST of P(NIPAM-co-NHMAm) (precusor) could increase to the temperature which can satisfy the demand of the drug carriers.
P(NIPAM-co-NHMAm)-g-PLA was synthesized by the ring-opening transesterification polymerization of D,Llactide (LA) with the hydroxyl-containing precursor as macroinitiator. Self-assembled polymeric micelles were prepared by dialysis method. It is observed that the inner core of the polymeric micelles acted as a nanocontainer of hydrophobic drugs, while the outer shells has the ability to control the release of drugs from the micelles by controlled swelling/shrinking stimulated by the temperature change. The nanocontainers are expected to combine active and passive targeting into one carrier system and might achieve a desirable "double targeting system." 
EXPERIMENTAL DETAILS

Synthesis of P(NIPAM-co-NHMAm)
P(NIPAM-co-NHMAm) was prepared by radical polymerization in THF. Briefly, A predetermined amount of NIPAM (88.4 mmol), NHMAm (11.0 mmol) and benzoyl peroxide (BPO) (0.18 mmol) were dissolved in 60 mL of dry THF, the monomer solutions were bubbled with nitrogen for 20 min in order to remove the remaining oxygen, polymerization was carried out under nitrogen atmosphere and magnetic stirring at 60 C for 20 h. After polymerization, the obtained polymers were precipitated by adding polymeric solution to an excess volume of diethyl ether under agitation at room temperature. The suspensions were filtered and washed with diethyl ether and the recovered polymers were dried in a vacuum oven. The product was obtained as a white power in 79% yield.
Synthesis of Poly(lactic acid) Grafted P(NIPAM-co-NHMAm)
A predetermined amounts of copolymer precursor (0.5 g) and LA (1.5 g) were dissolved in 20 mL freshly distilled 1,4-dioxane, the appropriate amount of (200 mg) stannous octanoate was added, and the concentration was 10 mg/mL, then the solution were bubbled with nitrogen for 20 min in order to remove the remaining oxygen. The polymerization was carried out at 110 C for 24 h. When cooled to room temperature, the obtained polymers were purified by precipitation in an excess volume of diethyl ether. The suspension was filtered and washed with diethyl ether and the recovered polymer was dried in a vacuum oven. The product was obtained as a white power in a yield of 62%.
Preparation of P(NIPAM-co-NHMAm)-g-PLA Nanocontainers
A solution of P(NIPAM-co-NHMAm)-g-PLA (200 mg) in acetone (3 mL) was dropped into 17 mL water slowly under agitation. The blue aqueous solution was placed in a dialysis bag and dialyzed against doubly distilled water for 48 h to remove acetone.
Polymer Characterization
The molecular weight and molecular weight distribution of the copolymers were characterized by gel-permeation chromatography (GPC HP1100, Hewlett Packard, polystyrene standards) in tetrahydrofuran (THF) at a elution rate of 1 mL/min at 25 C. A Fourier transform infrared spectrophotometer (FT-IR, Nicolet, Magna-550) was employed to characterize the structure of copolymers. The samples were prepared by casting films from acetone solution onto KBr plates. The 1 HNMR spectra of the copolymers were studied using a 500 MHz NMR (DMX-500, Bruker) at 25 C, and chloroform-d(CDCl 3 ) was used as the solvent and TMS as internal standard. DSC measurements were carried out under nitrogen atmosphere, all samples were scanned from 40 C to 180 C twice, the heating rate was 10 C/min on a Perkin Elmer Instrument DSC7 thermal analyzer, and Tg value was obtained from the second scan.
Optical Transmittance Measurements
Optical transmittance of aqueous polymer solutions (2 mg/ mL of NIPAM-co-NHMAm and 10 mg/mL of P(NI-PAM-co-NHMAm)-g-PLA) at various temperatures was measured at the wavelength of 450 nm with a UV-VIS spectrometer (Lambda 35, PE). The temperature of the sample cell was thermostatically controlled using a circulator system (TCC-Controller, Shimadzu, Japan) and the heating rate was set at 0.1 C/min. The LCST values of the polymer solution were defined as the temperature producing a 50% decrease in optical transmittance. 16 17 
Measurement of Fluorescence Spectroscopy
Critical micelle concentration (CMC) of P(NIPAM-coNHMAm)-g-PLA was estimated by measuring fluorescence spectroscopy using pyrene as a hydrophobic probe. To obtain the sample solutions, a known amount of pyrene in acetone was added to each of a series of 20 mL vials, and then the acetone was evaporated. The final concentration of the pyrene was 6 0 × 10 −7 M. 10 mL of various concentrations of copolymers solutions was added to each vial, which was then heated at 40 C for 8 hours to equilibrate the pyrene and the micelles, and left to cool overnight at room temperature. Emission wavelength was 390 nm for excitation spectra, the intensity ratio of I 336 /I 332 from the excitation spectra was analyzed as a function of the polymer concentration, thus the CMC curves was obtained. The CMC value was taken from the intersection of the tangent to the curve at the inflection with the horizontal tangent through the points at low concentrations.
Particle Size and Morphology of the Nanocontainers
The hydrodynamic diameter of nanocontainers were determined by DLS measurement at 25 C, using a light scattering spectrophotometer (Autosizer 4700, Malvern) with a vertically polarized incident beam at 532 nm supplied by an argon ion laser, and scattering angle 90 were used in this study. Before measurement, all samples were filtered through a 0.45 m filter (Millipore). The morphology of the nanocontainers was determined on a Transmission Electron Microscopy (TEM) (Hitachi H-600). A drop of polymeric nanoparticles in aqueous solution was placed on a copper grid coated with carbon film and dried at 25 C. The specimen on the copper grid was negatively stained with 0.01% phosphotungstic acid.
RESULTS AND DISCUSSION
Polymer Synthesis and Structure Analysis
PNIPAM is a thermally responsive polymer that demonstrates a LCST around 32 C in water. Around this temperature, PNIPAM shows a reversible hydration-dehydration changes. This property has been utilized to manufacture an attractive drug delivery system. 30 31 However, an ideal LCST would be slightly higher than the normal human body temperature so that a small temperature increase by local heating could induce the deformation of the micelles to trigger the release of enclosed drug molecules. In the present study, NHMAm was employed as a co-monomer to adjust the LCST of P(NIPAM-coNHMAm)-g-PLA copolymers. In addition, the present method avoided the use of the highly toxic chain transfer agent, which is an apparent advantage for the purpose of bio-applications. Table I summarizes the molecular characteristics and LCST of the precuosor's properties. As shown in Table I , with the content of NHMAm in the copolymers increasing, the LCST increased greatly, when the mass ratio of NHMAm/NIPAM reached 1/1, the LCST was beyond the detection range. Considering the LCST for the drug carriers, the precursor (NN81) with a molar ratio of 8.4:1, which would produce copolymers with LCST (38.3 C) being higher than the human body temperature, was used to initiate the next reaction. FT-IR spectroscopic methods and 1 HNMR were employed to characterize the structures of the precursor and polylactide grafted copolymers. The IR spectrum of the precursor exhibited strong absorption at 3436 cm −1 (OH) and 1652 cm −1 (C O). While peaks at 1545 cm −1 and 1458 cm −1 are attributed to the absorption of C-N. 18 Compared with the precursor, the grafted copolymer had an apparent absorption at 1754 cm −1 , which is assigned to the C O of polylactide. Furthermore, the intensity of the peak at 3436 cm −1 decreased slightly after reaction, indicating the consumption of the hydroxyl group in the precursor polymers (Fig. 1) .
In order to gain insight into their chemical structure, the precursor and the polylactide-grafted copolymers were subjected to 1 HNMR measurements. Typical spectra of the precursor and the polylactide-grafted copolymers are shown in Figure 2 . The peak at 4.0 ppm (signal a) was attribute to the proton of methylidyne. The broad peak at 4.6 ppm (signal b) was from mehtylene in the NHMAm moieties. The 1 HNMR spectra of all the grafted copolymers shared a similar pattern (Fig. 2(a) ). Compared with the precursor, the peak at 5.0 ppm (singal c) was attributed to -CHMeO-groups in the lactide moieties 13 18 (Fig.2 (b) ). Poly(NIPAM-co-NHMAm) has a Tg about 146 C, 32 PLA is an amorphous polymer and it has a Tg about Transparency% Wavenumber (cm -1 ) Fig. 1 . FT-IR spectra of (1) P(NIPAM-co-NHMAm) (2) P(NIPAM-coNHMAm)-g-PLA. Fig. 2 . A typical 1 HNMR spectra of (a) P(NIPAM-co-NHMAm) (b) P(NIPAM-co -NHMAm)-g-PLA in CDCl 3 , sample is NN81 and NNL15. 59 C. 33 As shown in Figure 3 , when introducing the LA segment into the copolymer chains by graft copolymerization, the Tg of grafted copolymer was significantly decreased, which was attributed to the flexibility of PLA. In the copolymer, the pendant PLA acts as the plasticizer. 
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Temperature (˚C) Fig. 3 . DSC thermograms of (1) P(NIPAM-co-NHMAm) (2) P(NIPAMco-NHMAm)-g-PLA, Samples are NN81 and NNL15 respectively. 
LCST and CMC Determination
To determine whether the precursor and the grafted copolymers exhibit a thermal response similar to that of the corresponding PNIPAM homopolymer, we studied the optical transmittance of an aqueous solution of the copolymer as a function of temperature. Table II shows that an increasing mole fraction of PLA in the copolymers resulted in a gradual decrease of the LCSTs (NN 81 →NNL 21 → NNL 13 →NNL 15 ), which demonstrates a great agreement with the hydrophobic contribution to the LCST for hydrophobically modified PNIPAM. 17 35 Strongly hydrophobic interactions between terminal groups act as a driving force to promote a core-shell micellar structure in which the hydrophobic phase is isolated from water. The influence of ion strength on the LCST has been studied by other group, 36 it concluded that the LCST values reduced when exposed to the salt solution.
The amphiphilic polymers consisting of hydrophilic segment and hydrophobic segment can self-assemble into micelles in aqueous solutions. The formation of micelles with P(NIPAM-co-NHMAm)-g-PLA was investigated by fluorescence spectroscopy, where pyrene was used as a fluorescent probe. 37 38 Figure 4 shows the micropolarity changes monitored by the intensity ratio of pyrene molecules in P(NIPAM-co-NHMAm)-g-PLA solutions as a function of concentration. At low concentration, the intensity ratio of I 336 /I 332 changed slightly. However, as polymer concentration increased, the intensity ratio sharply increased, indicating that the partitioning of pyrene into the hydrophobic core of the micelles. From these plots, it is possible to estimate a critical concentration corresponding to onset of hydrophobic aggregation of PLA segments. The CMC was taken from the intersection of the tangent to the curve at the inflection with the horizontal tangent through the point at low concentration. The estimated CMC value was about 3.2 mg/L, providing evidence for an apparent stability of the micelles and allowed their use in very dilute aqueous media such as body fluids.
The phenomenon is consistent with what Liu et al., had reported. 15 As shown in Table II , with the content of PLA increased in the copolymer, the CMC values decreased.
Particle Size and Morphology
The various P(NIPAM-co-NHMAm)-g-PLA were dissolved in common organic solvent (acetone), then dialysis was performed to prepare their micelle aggregates in aqueous media. The particle size and size distribution were measured by DLS. The mean diameters of the copolymer nanocontainers are listed in Table III . With a constant content of the precursor the mean diameter of the micelle increases with the content of PLA in the copolymer. Since the preparation conditions and the precursor content are the same, the diameter of the nanocontainers is determined by the chemical composition of the core. The more hydrophobic of the core, the bigger the nanocontainers were. 39 40 Figure 5 shows the TEM images of the nanocontainers dried at 25 C. It is seen that the nanocontainers had an approximately spherical shape, which proves that these grafted copolymers formed micelle-like nanoparticles in water.
CONCLUSION
In this study, thermally responsive P(NIPAM-co-NHMAm)-g-PLA copolymers were synthesized and characterized. The LCSTs of the copolymers can be adjusted by their chemical composition. The temperature-sensitive nanocontainers fabricated by the dialysis method were spherical and had a size less than 200 nm. The size and size distribution of the nanocontainers are affected significantly by the chemical composition of the copolymers. This research also provides a double targeting system. Passive targeting was based on the micelle size (<200 nm), which can accumulate at the ill site because of the EPR effect. On the other hand, the inflamed areas such as tumor sites are characterized by a local hyperthermia. P(NIPAMco-NHMAm)-g-PLA micelles may be selectively retained at these ill sites, and may increase the efficiency of the drug by its release at the target area.
